Bacillus anthracis, the causative agent of anthrax, secretes numerous proteins into the extracellular environment during infection. A comparative proteomic approach was employed to elucidate the differences among the extracellular proteomes (secretomes) of three isogenic strains of B. anthracis that differed solely in their plasmid contents. The strains utilized were the wild-type virulent B. anthracis RA3 (pXO1 ؉ pXO2 ؉ ) and its two nonpathogenic derivative strains: the toxigenic, nonencapsulated RA3R (pXO1 ؉ pXO2 ؊ ) and the totally cured, nontoxigenic, nonencapsulated RA3:00 (pXO1 ؊ pXO2 ؊ ). Comparative proteomics using two-dimensional gel electrophoresis followed by computer-assisted gel image analysis was performed to reveal unique, up-regulated, or down-regulated secretome proteins among the strains. In total, 57 protein spots, representing 26 different proteins encoded on the chromosome or pXO1, were identified by peptide mass fingerprinting. S-layer-derived proteins, such as Sap and EA1, were most frequently observed. Many sporulation-associated enzymes were found to be overexpressed in strains containing pXO1
Bacillus anthracis, the etiologic agent of anthrax, is a grampositive, rod-shaped, nonmotile facultative anaerobic and sporeforming bacterium (35) . Anthrax is a disease of wildlife, livestock, and humans that begins when spores of B. anthracis enter a host, are engulfed by macrophages, germinate, and then cause septicemia. This pathogen's virulence, along with the spore's resistance to adverse environmental conditions and facility to be weaponized, has made it a significant agent of bioterrorism (1) .
In addition to a 5.2-Mb circular chromosome, fully virulent strains of B. anthracis harbor two plasmids: pXO1 and pXO2 (35) . The pXO1 plasmid (181.6 kb) encodes the toxins lethal factor (LF) and edema factor (EF) and the protective antigen (PA) responsible for the translocation of EF and LF into the host's cytosol (35) . The cascade of events leading to toxin entry into host cells has been described (7) . The genes encoding LF, EF, and PA are designated lef, cya, and pagA, respectively (8, 50, 63) . Proteins required for a proteinous capsule biosynthesis (CapBCA) and depolymerization (Dep) are encoded on pXO2 (94.8 kb) (29, 60) . Strains lacking either or both plasmids are attenuated in most animal hosts (22) . The transcriptions of lef, cya, pagA, and capB have all been shown to be coordinately induced by the presence of bicarbonate-CO 2 , while temperature has been shown to be important for toxin, but not for CapB, production (55) . High CO 2 tension is believed to simulate conditions encountered within the mammalian host. When B. anthracis is cultured at 37°C in a bicarbonate-containing minimal medium, toxin production is enhanced, with peak levels occurring at the end of the exponential growth phase (55) .
Bacterial pathogens must possess regulatory controls to ensure that their virulence factors are coordinately synthesized at the right time and place. This temporal and spatial regulation in B. anthracis genes occurs in response to environmental stimuli and appears to be controlled by a uniquely complex signal transduction cascade. The pXO1-encoded transcriptional activator AtxA has been reported to play a role in the CO 2 -dependent regulation of the exotoxin genes lef, cya, and pagA (12, 24, 59) . AtxA has been shown to regulate S-layer genes (i.e., sap and eag) via the activity of PagR, a negative regulator of pagA, so that only eag is significantly expressed in the presence of CO 2 (33) .
A capsule gene activator (acpA) on pXO2 has also been identified (61) . Studies have suggested that AcpA is a minor regulator with fewer gene targets than AtxA (15) . A reexamination of the role of AcpA in B. anthracis gene regulation, however, led Bourgogne et al. (5) to propose that AtxA and AcpA act synergistically to regulate the expression of certain target genes in addition to the cap genes. Another newly discovered capsule gene regulator, AcpB, is the product of a gene located on pXO2 (13) . Recent evidence suggests that AtxA is the major capsule synthesis regulator and that it indirectly controls capBCAD expression via positive regulation of acpA and acpB (13) .
Acquiring a better understanding of the pathways controlling an organism's protein expression may be achieved via comparative proteomics. Such investigations often rely on the coupling of two-dimensional gel electrophoresis (2-DE) and matrix-assisted laser desorption ionization-mass spectrometry (MALDI-MS) to ensure accurate and sensitive analysis of proteins. In our laboratory, this approach was applied to a comprehensive study of the differences in protein expression between a fully virulent and a vaccinal strain of Brucella melitensis (14) . Recently, focus has been on the analysis and characterization of the secretomes, i.e., the entire complement of secreted proteins, of pathogenic bacterial species. Secreted proteins are important in the course of infection, since they act as remote controls for direct contact with host cells, making them excellent as both biomarkers for diagnostic assays and targets for therapeutic agents. Recent secretome analyses of Bacillus subtilis (2, 18) , Helicobacter pylori (9) , and Bacillus cereus (16) have provided insights into the pathogenicity of these bacteria. Our laboratory recently conducted a comparative proteomics investigation of the secretomes of the virulent B. anthracis RA3 isolate grown under induced or noninduced conditions (41) . LF, EF, and PA were among the 27 proteins identified (41) .
In the present study, 2-DE and MALDI-MS were used to investigate the differences among the secretomes of the fully virulent strain RA3 (pXO1 ϩ pXO2 ϩ ), its partially cured derivative strain RA3R (pXO1 ϩ pXO2 Ϫ ), and the plasmidless derivative strain RA3:00 (pXO1 Ϫ pXO2 Ϫ ). Only protein spots that either had a difference in intensity across all three strains or were uniquely present in only one strain were targeted for mass spectroscopy analysis.
MATERIALS AND METHODS
Bacterial strains. The virulent B. anthracis RA3 strain (pXO1 ϩ pXO2 ϩ ), which was isolated from a bovine spleen sample during an anthrax outbreak in France, was used as the reference strain in this study (39) . Two attenuated B. anthracis RA3 derivative strains, RA3R (pXO1 ϩ pXO2 Ϫ ) (39) and RA3:00 (pXO1 Ϫ pXO2 Ϫ ), were also used. The plasmidless B. anthracis RA3:00 was derived from B. anthracis RA3R by repeated daily subculturing at 42.5°C in 20 ml brain heart infusion (BHI) broth (37) . After 30 days, the culture was plated on BHI agar and incubated overnight at 37°C. RA3R isolates cured for pXO1, i.e., fully cured, were identified by testing crude vegetative cell lysates from isolated colonies in multiplex PCR assays. The multiplex PCR assay determines genomic content by amplifying specific genes on each plasmid (lef, cya, and pagA [pXO1] and capC [pXO2]) and the chromosome (marker Ba813) (46) . Colonies tentatively deemed pXO1 Ϫ pXO2 Ϫ were cultured and centrifuged, and their total genomic DNA was extracted with the UltraClean Microbial Genomic DNA Isolation Kit (MoBio Laboratories, Solana Beach, CA) and used as the template for a high-stringency multiplex PCR. Variable-number tandem repeat analysis (39) and rpoB-specific fluorescent resonance energy transfer PCR assays (44) were performed on RA3R isolates deemed pXO1 cured to ensure that the chromosomal background was consistent with that of the RA3R mother cell. Glycerol stocks of this newly derived, double-cured B. anthracis strain, designated RA3:00, were stored at Ϫ80°C.
Medium preparation. For all secretome isolation experiments, the bacteria were cultured in the protein-free minimal R medium, which was prepared as described by Ristroph and Ivins (49) .
Inoculum preparation and culture conditions. One loop (approximately 10 l) of glycerol stock of B. anthracis RA3R (pXO1 ϩ pXO2 Ϫ ) or RA3:00 (pXO1 Ϫ pXO2 Ϫ ) was streaked for isolation on BHI agar and incubated overnight (16 h) at 37°C. Single colonies were transferred to 2 ml R medium. Approximately 1 ml (optical density at 600 nm ϭ 0.5) of the resulting resuspension was immediately transferred to a flask containing 100 ml R medium supplemented with glucose (0.25% [wt/vol]). The flask was mixed gently and fitted with a BugStopper (Whatman Inc., Clifton, NJ) sterile venting closure. The culture inoculum was incubated at 37°C with shaking at 120 rpm for 5 to 6 h. Following this growth period, 5 ml of the culture was transferred to a 250-ml sterile, vented, canted Falcon tissue culture flask containing 70 ml R medium with glucose (0.25% [wt/vol]) and sodium bicarbonate (0.85% [wt/vol] ). The cultures were incubated overnight at 37°C under 5% CO 2 in a humid incubator, which corresponds in our study to an end point at 16 h and according to Ristroph and Ivins to a late exponential phase (49) . Cells were collected at a state of minimum sporulation as confirmed by growth curve analyses (similar among all three strains) and spore counts (data not shown).
Isolation of secreted proteins. All centrifugations were performed at 4,700 ϫ g at 4°C for the specified time. The contents of the tissue culture flasks were centrifuged for 10 min, and the secretome-containing supernatant was passed through a 0.45-m filter to remove any suspended vegetative cells. All bacterial cells were discarded. The method described by Rafie-Kolpin et al. (45) and adapted by Wagner et al. (62) was utilized to prepare the protein samples. 100% ice-cold trichloroacetic acid (TCA; Sigma Chemical Co., St. Louis, MO) was added to the supernatant for a final 10% TCA (vol/vol) concentration. Supernatant aliquots (ϳ45 ml) were chilled on ice for 45 min and centrifuged for 45 min. Each resultant pellet was washed with 3 ml acetone, incubated on ice for 15 min, and centrifuged (15 min Total protein determination. The protein concentration of the culture filtrate extract was determined using the Bio-Rad Protein Assay kit (Bio-Rad Laboratories, Hercules, CA.) which is based upon the method of Bradford (6) . Bovine serum albumin served as the standard for protein concentration determinations.
Sample preparation for isoelectric focusing (IEF). A volume of secretome solution containing 100 g total protein was transferred to a microcentrifuge tube, and dissolved proteins were precipitated upon addition of ice-cold TCA (10% final concentration) and a 5-min incubation on ice. The samples were centrifuged at 6,800 ϫ g for 3 min. IEF. B. anthracis culture filtrate extract proteins (100 g; 400-l total volume) were separated on the basis of charge using 18-cm immobilized pH gradient (IPG) strips (Amersham Pharmacia Biotech, Uppsala, Sweden) with a 4 to 7 linear pH gradient. The IPG strips were allowed to rehydrate with the protein solution overnight at ambient temperature. A 2-ml layer of nonconducting oil (Genomic Solutions) was applied to prevent evaporation of the protein solution during the rehydration period. IEF was conducted at 20°C for 24 h (maximum voltage of 5,000 V, maximum current of 80 A/gel, 80,000 Vh, with an end-of-run hold at 125 V).
SDS-PAGE. The IPG strips were prepared for SDS-polyacrylamide gel electrophoresis (PAGE) analysis by a 15-min wash with 10 ml of Genomic Solutions Equilibration Buffer 1 (6 M urea, 133 mM DTT, 30% glycerol, 50 mM Trisacetate, pH 7.0), followed by a 15-min wash with Genomic Solutions Equilibration Buffer 2 (6 M urea, 2.5% iodoacetamide, 30% glycerol, 50 mM Tris-acetate, pH 7.0). The IPG strips were then applied to precast 10% Duracryl gels (22 cm by 23 cm by 1 mm; Tris-Tricine-SDS; Genomic Solutions, Inc.). Electrophoresis took place at 4°C with a maximum voltage of 500 V and a maximum power of 1,600 W/gel. Separation was achieved in 18 to 20 h. The gels were transferred to an automated staining apparatus and protected from light from this point forward (Genomic Solutions) and fixed for 30 min in a solution of 40% methanol and 10% acetic acid. After a 5-min wash with deionized water, the gels were incubated with SYPRO Ruby fluorescent stain (Molecular Probes, Eugene, OR) to stain each gel for a period of 12 h with gentle rocking. After being stained, the gels underwent a 5-min wash with deionized water and were destained for 30 min using a 10% methanol and 6% acetic acid solution. Following a final wash with deionized water, the gels were stored in 2% glycerol in the dark at 4°C. Gel images were captured using the Fujifilm LAS-1000Plus imager under 470-nm light with an exposure time of 5 min.
Gel analysis. All strains were analyzed using gels run in triplicate. All gels used were from two or three different batches of cells grown independently. Each culture filtrate was processed and analyzed separately. The Investigator HT Analyzer program (Nonlinear Dynamics, New Castle upon Tyne, United Kingdom) determined the protein spots present on each gel image, along with their experimental isoelectric point (pI) and molecular mass. Spots present on each subgel of the same strain were matched, and an average gel was created; only VOL. 73, 2005 SECRETOME ANALYSIS OF BACILLUS ANTHRACIS 3647 those spots appearing in at least two of three subgels were included in the average gel. The average gels of the RA3R and RA3:00 strains were matched to the recently generated average gel of the fully virulent B. anthracis RA3 strain (pXO1 ϩ pXO2 ϩ ) (41) . To compensate for differences in staining quality, the volume of each spot was normalized by selecting one spot (base spot) whose shape and intensity were consistent in all six subgels of the RA3R-RA3 and RA3:00-RA3 gel comparisons. Spot normalization was accomplished for all six subgels by dividing each spot's volume by that of the base spot and multiplying the result by 100. Protein spots were considered unique to a given strain if those spots were absent from all three subgels of the compared strain. Protein spots had to have a reproducible pattern of being over-or underexpressed in at least two subgels to be assigned as being differentially expressed in a strain.
Spot excision. Protein spots were excised from the SYPRO Ruby-stained 2-D gels by a UV box-equipped ProPic robot (Genomic Solutions). The picked plugs were stored at Ϫ80°C prior to digestion with trypsin.
In-gel trypsin digestion with o-MU modification. In-gel trypsin digestion was performed following the default long trypsin digestion protocol for the ProGest Digestion Station (Genomic Solutions) but was altered to include modification of the tryptic peptides with o-methylisourea (o-MU) (62) . Tryptic peptides were modified with 1 M o-MU in 100 mM ammonium bicarbonate at pH 10.0 for 1 h at 37°C as described previously (17) . Modified tryptic peptides were recovered in a mixture of 10% (vol/vol) formic acid and acetonitrile (ACN) (51) .
Preparation of tryptic peptides for MALDI analysis. o-MU-modified tryptic peptides were dried under vacuum and resuspended in 100 l of 10% formic acid. Sample cleanup was accomplished using the ACN Elution Protocol provided with the ProMS Sample Preparation Station (Genomic Solutions). The peptide mixtures were desalted using ZipTips (C 18 media) from Millipore (Bedford, MA) conditioned with a 1:1 mixture of ACN and water. The desalted peptides were concentrated as they were eluted with 3 l of matrix (10 mg ␣-cyanohydroxycinnamic acid per 1 ml of 50% ACN, 0.1% trifluoroacetic acid in water). Finally, 1 l of the peptide and matrix mixture was spotted onto a 384-well stainless steel target plate (Kratos Analytical Ltd., Manchester, United Kingdom).
Mass spectral analysis. All spectra were obtained with the Kratos Axima-CFR running in reflectron mode, as described previously (62), using the Kompact software package (Kratos Analytical, Ltd.).
The trypsin autolysis peaks at 842.509 and 2254.12 Da (the 2212.11 peak, modified by o-MU) were used as internal calibrants. Monoisotopic peaks were manually selected, and the Mascot software package from Matrix Science (London, United Kingdom) was used to search the peak lists against a customized in-house database. The database contained all described open reading frame (ORF) sequences from the completed genomes of three virulent B. anthracis strains: Ames (47), Sterne (unpublished data), and A2012 (48) . Sequences from B. cereus (ATCC 14579) (21) and Bacillus thuringiensis (ATCC 35646) were also added to the in-house database and searched to increase the chance of protein annotation (http://www.ncbi.nlm.nih.gov/). The search parameters were a maximum of one missed cleavage by trypsin, fixed modifications of oxidized methionine and carbamidomethylated cysteine, variable modification of guanidinated lysine, a charge state of ϩ1, and a mass tolerance range of Ϯ0.2 Da.
RESULTS
General observations. The secretomes of three B. anthracis RA3 derivative strains differing in plasmid content were analyzed in the pH range of 4 to 7. Gel images are presented in Fig. 1 and 2 . The average gel of B. anthracis RA3R contained 331 protein spots having an experimental pI range of 4.08 to 6.85 and a mass range of 9.1 to 195.1 kDa. A total of 246 protein spots with pIs ranging from 4.09 to 6.84 and masses between 7.6 and 107.8 kDa were included in the average gel of strain RA3:00. Patra et al. (41) observed 322 spots, with masses between 9.0 and 178.3 kDa and pIs between 4.47 and 6.88, in the average gel of the virulent RA3 strain.
2-D gel comparison.
To investigate the variations in protein secretion between B. anthracis strains with variant plasmid contents, the average gels of the RA3R and RA3:00 strains grown under induced conditions were matched to the recently published B. anthracis RA3 (pXO1 ϩ pXO2 ϩ ) secretome average gel, also grown under CO 2 induction (41) . The use of SYPRO Ruby gel stain enabled quantification of protein staining intensities, allowing the accurate comparison of protein expression levels between the variant strains. Using the wild-type virulent RA3 strain as a reference, unique and differentially expressed proteins among the three strains in the pH range of 4 to 7 were observed (Fig. 3) . These spots were further analyzed for protein identification by MALDI-time of flight.
A spot was considered to be differentially expressed if there was a fivefold or more change in spot volume. A total of seven spots with masses ranging from 39.3 to 102.6 kDa and pIs ranging from 5.36 to 6.43 were expressed at a significantly higher level (5.3-to 10.1-fold) in RA3R than in RA3. Their pIs ranged from 5.36 to 6.43. Twenty-two spots (mass ϭ 22.4 to 82.4 kDa; pI ϭ 4.97 to 6.58) were consistently underexpressed (5.1-to 56.6-fold) in RA3R; 10 of them exhibited a Ͼ20-fold decrease in expression compared to the virulent RA3 strain. Spots exhibiting decreases of 56.6-and 49.7-fold were previously identified as Sap proteins (41) . Eight spots, with masses ranging from 9.2 to 83.4 kDa and pIs ranging from 5.01 to 6.42, exhibited increased expression (7.2-to 36.7-fold) in RA3:00 in comparison to RA3. One spot had a Ͼ20-fold increase, four spots had an increase between 10-and 20-fold, and three spots had an increase between 5-and 10-fold. There were 10 down-regulated spots (8.4-to 242.2-fold) in the doubly cured strain; they displayed masses from 25.1 to 54.3 kDa and pIs from 5.12 to 6.54. Two of these spots exhibited a Ͼ100-fold expression change.
Protein spots were considered unique if they were absent in all three subgels of the strain to which they were compared. Comparative image analysis between the RA3 and RA3R average gels allowed the detection of 16 spots (mass range, 26.0 to 96.3 kDa; pI range, 4.51 to 6.85) unique to RA3R, while 26 spots (mass range, 15.0 to 84.3 kDa; pI range, 4.55 to 6.67) were exclusive to RA3. Comparison of RA3:00/RA3 strains identified 14 spots unique to RA3:00 with masses between 22.1 and 107.0 kDa and pIs between 5.02 and 6.64. Forty-nine spots (mass range, 16.1 to 53.7 kDa; pI range, 4.63 to 6.79) were exclusive to RA3 relative to RA3:00. Included in these 49 unique spots were EF, LF, and Sap S-layer protein, all of which were identified previously by Patra et al. (41) .
Protein identification. Select protein spots that had quantitative differences from RA3 and its derivative strains were processed for MALDI-MS analysis. The protein identifications determined from the resultant tryptic fingerprint spectra are recorded in Tables 1, 2 , and 3. Gel comparisons were performed with 100 g total protein, although subsequent gels were loaded with 225 g protein or more to enhance detection by MALDI-MS. Twenty-two, 16, and 20 protein spots were identified in the RA3, RA3R, and RA3:00 strains, respectively. However, identifications made in only one strain were correlated, when possible, with the remaining strains by positional overlap. Several RA3 identifications are in agreement with a recent investigation (41) ( Table 1 ). The 57 identifications corresponded to 26 different proteins encoded on either the chromosome or pXO1. Of these protein identifications, 56 matched ORFs with predicted functions, whereas one matched an ORF encoding a hypothetical protein. No pXO2-encoded protein species were identified in this study.
Proteins overexpressed in RA3R and RA3:00. Six of the seven up-regulated protein spots (86%) in the pXO2-cured RA3R strain were identified unambiguously by peptide mass fingerprinting ( Fig. 2A and Table 2 ). The identifications exhibiting overexpression in RA3R include the proteins Sap (spots 23 and 24; 5.3-and 17.1-fold), EA1 (spots 1 and 2; 6.2-and 6.9-fold), cysteine synthase A (spot 32; 6.1-fold), and alanine dehydrogenase (AlaDH; spot 28; 5.5-fold) (Fig. 4A ). All four of these up-regulated proteins are chromosomally encoded. Sap (86.7 kDa) and EA1 (91.4 kDa) are the major protein components of the S layer in B. anthracis. Displaying a highly patterned ultrastructure, the B. anthracis S layer constitutes the outermost layer in nonencapsulated strains (35) . Cysteine synthase A (33.0 kDa) is an enzyme responsible for the formation of cysteine from O-acetyl serine and sulfide with the concomitant release of acetic acid. AlaDH (40.2 kDa), which has been purified and characterized from different species of Bacillus, catalyzes the reversible conversion of alanine to pyruvate and ammonia (25) .
Among the eight overexpressed proteins in RA3:00, four (50%) were identified by peptide mass fingerprinting ( Fig. 2B and Table 3 ). These overexpressed proteins were the S-layer proteins Sap (36.7-fold) and EA1 (8.5-fold), isocitrate lyase (12.8-fold), and AlaDH (7.6-fold) (Fig. 4B) . AlaDH was also overexpressed in the secretome of RA3:00. Isocitrate lyase catalyzes the reversible cleavage of isocitrate to glyoxylate and succinate. Recently, it was found that the presence of the isocitrate lyase gene is necessary for full virulence in the plant-pathogenic fungus Leptosphaeria maculans (20) and in Mycobacterium tuberculosis (31 , 37°C) in minimal R medium. Samples containing 100 g of TCA-precipitated extracellular proteins were focused on pH 4 to 7 IPG strips and separated on 10% Duracryl gels. The gels were stained with SYPRO Ruby fluorescent stain and imaged at 470 nm. Of the 42 identified spots, three (blue; **) are unique to RA3 compared to RA3R; six spots (blue; *) are exclusive to RA3 relative to RA3:00; two spots (*/**) are unique to RA3 compared to both RA3R and RA3:00. Molecular masses are indicated on the left.
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Proteins underexpressed in RA3R and RA3:00. Of the 22 underexpressed spots in RA3R in comparison to RA3, five (28%) were identified ( Fig. 2A and Table 2 ). These downregulated proteins include the structural binding toxin PA (spots 7, 8, and 9; 20.8-to 27.2-fold), mercuric reductase (MerA) (spot 25; 12.7-fold), and triosephosphate isomerase (spot 34; 5.1-fold) (Fig. 4A) . In RA3, PA was observed as a train of spots with various pI values (5.44 to 5.83). This is an indication of possible posttranslational modifications. The 58.8-kDa MerA, which is encoded on the chromosome, is an enzyme that reduces divalent mercury to the relatively nontoxic metallic mercury via an NADPH-dependent reaction (52) . The chromosome-borne triosephosphate isomerase (26.7 kDa), a common glycolytic enzyme, is responsible for the interconversion of dihydroxyacetone phosphate and glyceraldehyde 3-phosphate (27) . Of the 10 underexpressed spots in RA3:00 compared to RA3, only 1 (10%) was identified (spot 46; 11.4-fold) (Fig. 2B and 4B and Table 3 ).
Unique spots. In the present investigation, unique proteins were present in small amounts and consequently were only weakly observed on the gels. This relative paucity of starting material made identification by MALDI-MS a challenge. The pH range 4 to 7 had one unique protein, oligopeptide binding protein A (OppA) (spot 5), that was identified in RA3:00 , 37°C) in minimal R medium. Secretome samples containing 100 g total protein were focused in the first dimension on pH 4 to 7 IPG strips and separated in the second dimension using 10% Duracryl gels. The gels were then stained with SYPRO Ruby fluorescent stain and imaged at 470 nm. Unique, up-regulated, and down-regulated protein spots in RA3R or RA3:00 compared to RA3 are labeled in blue, red, and green, respectively. Protein spots observed at similar expression levels (constitutive) in RA3R or RA3:00 relative to RA3 are labeled in yellow. Molecular masses are indicated on the left.
relative to the virulent RA3 strain (Fig. 2B and Table 3 ). A member of the oligopeptide transport system, OppA is tethered to the extracellular face of the cell membrane and facilitates peptide uptake using the energy generated from ATP hydrolysis (43) . In RA3R relative to RA3, two unique proteins, a VanW-related lipoprotein (spot 33) and S-layer protein A (spot 35), were identified ( Fig. 2A and Table 2 ). The VanWrelated lipoprotein is a potential vancomycin B-type resistance protein. Spots identified as PA (spot 9), EF (spots 15 and 16), LF (spot 18), and the high-affinity zinc uptake protein A (ZnuA) (spots 19 and 21) were unique to RA3 compared to the doubly cured RA3:00 strain, while spots identified as EF (spot 16), LF (spot 18), and a hypothetical protein (spot 20) were absent from the pXO2-cured RA3R strain compared to RA3 (Fig. 1 and Table 1 ). ZnuA is a periplasmic binding protein that is one of the three members of the Znu Zn 2ϩ -specific uptake system (ZnuA, -B, and -C) (42) .
Constitutively expressed spots. Many identified spots were observed in all strains at expression levels similar to that in the virulent strain RA3, and the intensity of the staining or expression did not appear to be dependent on the plasmid content. Phosphoglycerate mutase is an enzyme common in gram-positive and spore-forming bacteria, such as Bacillus and Clostridium species (23) . It catalyzes the transfer of phosphate groups between the carbon atoms of phosphoglycerates and is essential for glucose metabolism. Another commonly found secretome protein was the glycolytic enzyme enolase, which is also found on the cell surface in many bacteria (53 
DISCUSSION
An organism's secretome is the proteome subset defined by active exportation from the cell. The secretome includes the native secreted proteins, as well as components of some protein secretion pathways (58). Since they come into direct contact with host compartments during the course of the infection, many secreted proteins mediate host-pathogen interactions, making them potential targets for immunodetection, immunoprotection, and innovative therapeutic approaches. B. anthracis, as a member of the genus Bacillus, secretes large quantities of proteins into the extracellular environment (58) . A recent publication by our laboratory described the secretome of the virulent B. anthracis RA3 strain grown under both host-simulated (CO 2 induction) and standard aerobic conditions, using 2-DE coupled with MALDI-MS (41). Numerous proteins, including the pXO1-encoded toxins and the chromosome-encoded Sap and EA1, were identified. Here, we report a followup comparative proteomic study whose objective was the characterization of the differences between the secretomes of three B. anthracis RA3 genotype strains differing in plasmid content. By using a comparative proteomic approach that relied on 2-DE in conjunction with MALDI-MS, it was possible to determine genotype-specific and differentially expressed proteins between the strains.
The present study presents a snapshot of the secretomes of three genotypes of B. anthracis grown under host-simulated conditions. Tjalsma et al. recently reported that 47% of the proteins contained in the B. subtilis secretome were not predicted by bioinformatics analysis to be secreted (58) . Furthermore, 13 of the 26 identified protein species exhibited putative signal peptide sequences based on SignalP 3.0 prediction (3). Thus, absence of a signal peptide sequence does not necessarily indicate that a protein cannot be secreted; many nonclassically secreted proteins are secreted despite the lack of a cur- rently described sequence motif. As revealed by the average 2-DE gel images ( Fig. 1 and 2) , there are significant differences between the secretomes of the virulent, wild-type RA3 (pXO1 ϩ pXO2 ϩ ) strain and its two derivative strains: the toxigenic but nonencapsulated RA3R (pXO1 ϩ pXO2 Ϫ ) and the plasmidless nontoxigenic, nonencapsulated strain RA3:00 (pXO1 Ϫ pXO2 Ϫ ). To ensure isogenicity among the strains, the RA3:00 strain was generated from the pXO2-cured RA3R strain by a 30-day subculturing process at the elevated temperature of 42.5°C (35) . Thus, all observed 2-D gel differences are most likely the result of secretome variation due to plasmid content as opposed to altered chromosomal backgrounds, if any, during the plasmid-curing process (40) .
The loss of pXO2 seems to be correlated with a downregulation or nonappearance of numerous pXO1-derived gene products. Spots observed in RA3 and subsequently determined to be the pXO1-encoded toxins, such as EF and LF, were not observed in RA3R. Three RA3 spots identified as PA were expressed at significantly lower levels (20.8-to 27.2-fold decrease) in RA3R, perhaps in part due to the loss of the pXO2-borne gene regulator. Studies have sought to identify and characterize possible gene regulators encoded on pXO2 (13, 61) . In light of the results presented here, future studies should seek to determine the effect of AcpB, a pXO2-encoded gene regulator, on pXO1 genes, especially the toxin genes. Alternatively, relative decreased toxin expression levels in RA3R may be the result of altered efficiency of the secretion mechanism, leading to decreased toxin export in this nonencapsulated strain. There may also be a misregulation of protein folding. It is known that PA and the other toxins are secreted from B. anthracis via the Sec-dependent secretion pathway, which requires the proteins to be translocated across the cytoplasmic membrane in an unfolded conformation (64) . One membrane-bound molecular chaperone, PrsA, was recently discovered to have a role in PA production (19, 64) . Increasing the concentration of PrsA led to an increase in recombinant PA production in B. subtilis (64) . It was found that several PrsA homologues present in the B. anthracis genome were able to complement the activity of B. subtilis PrsA with respect to recombinant PA secretion (64) . Hence, the lower levels of PA in this study may be a consequence of reduced expression of PrsA in strain RA3R.
Another particularly striking observation is that, among the proteins whose levels increased in RA3R and RA3:00, several are potentially involved in processes leading to sporulation (32) . AlaDH, whose expression was enhanced 6.1-fold in RA3R and 7.6-fold in RA3:00 relative to RA3, has been found to be important for normal sporulation in B. subtilis (54) . This enzyme catalyzes the reversible conversion of alanine to pyruvate and ammonia, and it is postulated that pyruvate is then used to generate energy for sporulation activity via the TCA cycle (10) . Since the amino acid alanine is missing in R me- dium, the presence of these enzymes can also be viewed as corresponding to the anabolism of this amino acid by B. anthracis. Furthermore, sporulation defects caused by null mutations in the alanine dehydrogenase gene (ald) were lessened by the addition of high concentrations of pyruvate (54) . Meanwhile, the protein isocitrate lyase, which in strain RA3:00 displayed a 12.8-fold increase in expression relative to the virulent RA3 strain, may also be involved in the mechanism of sporulation. Isocitrate lyase is one of the two enzymes in the glyoxylate pathway that function in the metabolism of two-carbon compounds, such as acetate. The exact reason for the presence of these sporulationassociated enzymes cannot be stated, but it has been shown that vegetative cells of the B. anthracis Sterne strain (lacking the pXO2 plasmid, like RA3R and RA3:00) loads itself with sporulation-associated enzymes, effectively preparing it for circumstances it has not yet encountered in vegetative growth (28) . In the present study, therefore, the observance of numerous sporulation-associated enzymes can be attributed to the non-growth-phase-dependent synthesis of spore constituents in these vegetative cells. The observation that these spore-related enzymes were overexpressed in both RA3R and RA3:00 compared to the virulent RA3 strain is not unexpected, since differences in sporulation characteristics between cured and uncured cells exist (35) . Cured strains are known to sporulate both earlier and at higher frequencies than uncured isolates (35) . In our study, the strain RA3:00 sporulation rate is approximately nine times less than that of strain RA3R (data not shown).
The experimental mass and pI values of the majority of identified proteins do not significantly deviate from the corresponding theoretical values for the mature protein. The exceptions are the exotoxins (PA-EF/LF), which in RA3 (and RA3R by positional overlap) exhibited considerably lower experimental than theoretical masses (Table 1) , a phenomenon that has been previously observed (41) . PA, for example, has a predicted mass of 86 kDa; however, in this study, it was observed at ϳ54 kDa by SDS-PAGE. This disparity is likely a result of protease digestion, since PA is known to be sensitive to proteolysis at both cell-associated and extracellular locations (57) . Cleavage of the PA monomer in vivo by furin-like proteases has been shown to result in the release of a 20-kDa (PA 20 ) and a 63-kDa (PA 63 ) PA fragment (7). In fact, PA proteolysis resulting in the formation of PA 20 and PA 63 is critical in anthrax pathogenesis, since it is PA 63 that heptamerizes and competitively binds LF and EF, allowing their cellular internalization in the host (7). Furthermore, a PA proteolysis-induced form of the mature PA appeared as a series of isoelectric forms (in the range of 5.44 to 5.83 on 2-D gels) ( Fig. 2A, spots 7, 8, and 9 ). The series of isoelectric forms suggests that PA may have undergone posttranslational modifications resulting in a series of charge alterations. Phosphorylations, methylations, and/or deamidations are the most likely PA modifications, since the various isoelectric points are not accompanied by a significant change in mass. Disagreement of EF and LF with their theoretical values (both mass and pI) may be due to proteolysis (Table 1) , as described for PA. In both cases, trypsin-digested peptides were found to match sequences from the N-terminal portions (corresponding to the PA binding domain) of the intact, mature proteins.
Proteins containing S-layer homology domains were the most prevalent class of proteins identified. In total, Sap and EA1 accounted for 13 of the 57 protein identifications. As components of the S layer, the paracrystalline sheath completely overlying the peptidoglycan of vegetative cells, Sap and EA1 were found to represent more than 75% of the B. anthracis membrane fraction (11) . It has been reported that both EA1 and Sap undergo posttranslational modifications, since both proteins were found to exist in a multiplicity of isoelectric forms and, for EA1, in numerous mass forms (11) . EA1 was observed in this investigation to be present in at least four different isoelectric and three different mass forms. Sap also appeared as a series of at least four isoelectric forms and two different mass forms. It has been postulated that subpopulations of differently glycosylated Sap and EA1 may exist (11) , which may account for the array of observed masses in this study. The reason for possible posttranslational modifications is not known. Expression of the pXO1 S-layer protein A is in addition to the seven B. anthracis S-layer proteins characterized in a recent proteomics approach (11) . The contribution of this particular S-layer protein to the physiology of B. anthracis will have to be investigated, along with the regulation of its expression in vitro and in vivo, keeping in mind that the S-layer proteins are not secreted but rather cell wall displaced proteins. This phenomenon may be seen as a strategy used by B. anthracis to introduce surface-exposed S-layer variations throughout the phases of vegetative cell growth inside the host (15, 33) .
The proteins observed in this study represent only a portion of the entire repertoire of B. anthracis secretome proteins. N-terminal signal sequence analysis of the proteome of B. anthracis A2012 revealed a total of 970 secretory-protein candidates on the chromosome, pXO1, and pXO2. The vast majority of these potentially secreted proteins are located on the chromosome, with pXO1 and pXO2 contributing only 25 and 20 protein candidates, respectively. As expected, in our present study involving the comparison of the fully virulent strain RA3 to the two cured strains RA3:00 and RA3R, both lacking pXO2, no identified pXO2-encoded proteins were observed. The secretome of a strain harboring only pXO2 will be investigated in future studies. Proteins lacking an obvious signal sequence have also been observed in the secretomes of several other bacterial species (2, 9) . Some of the 970 putative secreted proteins are on the basic end of the spectrum with theoretical pIs between 7 and 10. Many of these proteins, however, may be posttranslationally modified to produce mature proteins with pIs within our experimental range. It is also worth noting that our system does not effectively resolve very high-or very lowmass proteins, since the 10% Duracryl gels used optimally resolve proteins between approximately 15 and 116 kDa. Moreover, our method of protein isolation, TCA precipitation coupled with an acetone wash, may cause the loss of lowabundance and/or low-mass and hydrophobic proteins. This investigation has enhanced our understanding of the differences in sporulation and regulatory activities among strains of the potentially deadly bacterium B. anthracis with variant plasmid contents. The comparative proteomic analysis suggests that the presence of the pXO2 plasmid is necessary for maximal toxin (EF, LF, and PA) expression. However, it cannot be definitively stated whether this observation is a consequence of a toxin-controlling, pXO2-borne regulatory gene product; the misregulation of protein secretion pathways in strains lacking pXO2; or the disruption of folding pathways in nonencapsulated isolates. Moreover, the presence of a wide array of sporulation-associated enzymes in the secretomes of plasmid-cured strains suggests that these strains prepare themselves for adverse environmental conditions to a greater extent than genetically complete (virulent) B. anthracis strains. Dialogue among the chromosome, pXO1, and pXO2 takes place within the cell via pleiotropic regulators, such as AtxA in B. anthracis or PlcR in B. thuringiensis and B. cereus, but can also take place via a cell-to-cell signaling mechanism involving the Opp oligopeptide permease. These data hint at a mechanism of gene regulation via a reimported small peptide in B. anthracis (56) .
Four proteins present in the B. anthracis secretome may be putative virulence factors: enolase may contribute to pathogenicity by binding the infected host's plasminogen, potentially allowing the bacteria to acquire surface-associated proteolytic activity (4, 38) . Enolase is also part of the glycolytic pathways, and as such, may be categorized as a bifunctional or "moonlighting" protein (36) . The pXO1-encoded protein corresponding to a high-affinity zinc uptake protein (ZnuA) may play an important role in the biological activity of the lethal factor (35) and other zinc metalloproteases (47) . It is interesting that in Haemophilus influenzae the presence of ZnuA enhances virulence (26) . Like zinc, iron is necessary to obtain full virulence of B. anthracis. The identification of the cell surface protein A (BA_5215) harboring an iron transport-associated domain may correspond to one of the strategies for iron uptake by B. anthracis (47) . These two proteins may have an important role in zinc and iron scavenging when B. anthracis is present in a mammalian host. Also identified was an alkylhydroperoxide reductase (AhpC-TSA), a protein involved in oxidative stress response, which may offer resistance to peroxynitrite within the macrophages. As such, AhpC-TSA may be seen as a putative virulence factor in B. anthracis (30) . Ultimately the identification of all proteins expressed and/or secreted by the plasmids pXO1 and pXO2 will provide new clues regarding the contributions of these plasmids to B. anthracis pathogenicity.
